The olfactory and trigeminal systems are intimately connected as most odorants stimulate both sensory systems. They interact by mutually suppressing and enhancing each other. However, the location and the degree of their interaction remain unclear. One method to test sensitivity in the trigeminal system is the odor localization task: when an odorant is presented to one nostril, we are able to localize the stimulated nostril only if the odorant stimulates the trigeminal nerve. Our objective was to evaluate the interaction between olfactory and trigeminal system by measuring the effect of an olfactory co-stimulation on the ability to localize a trigeminal stimulus. More specifically, we evaluated the influence of an olfactory co-stimulation with pure odors (phenyl ethanol, vanillin), presented either ipsilaterally or contralaterally, on the localization of predominantly trigeminal stimuli (mustard oil, eucalyptol). The ipsilateral, but not the contralateral, olfactory co-stimulation with a pure odorant increased the capacity to localize a trigeminal stimulus. These results suggest an interaction between the olfactory and trigeminal systems at peripheral, that is, mucosal, levels.
Introduction
The trigeminal chemosensory system allows the perception of sensations such as freshness, burning, stinging, or tickling from odorous stimuli (Doty et al. 1978; Laska et al. 1997; Frasnelli et al. 2011a) . Trigeminal perception is possible from specific interaction of chemicals with trigeminal chemoreceptors, located on the fibers of the trigeminal nerve, cranial nerve V; it is therefore independent from olfactory processing which passes through the activation of the olfactory nerve, cranial nerve I (Friedland and Harteneck 2017) . However, almost all odorants also stimulate the trigeminal system in addition to the olfactory system, at least in higher concentrations, with only few exceptions (Doty et al. 1978) . Consequently, the olfactory and trigeminal systems are intimately connected and work closely together in the perception of an odorant.
Interestingly, stimulation with respective stimuli leads to central activation of overlapping brain areas. In fact, the stimulation with a pure trigeminal stimulus, that is, a stimulus which activates the trigeminal system, but not the olfactory system, evokes cerebral activations in somatosensory regions as well as regions of primary olfactory areas such as the piriform cortex and orbitofrontal cortex (Boyle et al. 2007b) . As a result, both sensory systems are affected by each other and mutually suppress and enhance each other. For instance, a trigeminal stimulus is perceived as more intense when presented with an olfactory stimulation (Cain and Murphy 1980; Livermore et al. 1992) . Inversely, the presence of a trigeminal component in an odorant reduces the perception of its olfactory content (Kobal and Hummel 1988; Hummel et al. 2005) . In fact, the simultaneous stimulation with a pure trigeminal stimulus and a pure olfactory stimulus leads to higher cortical activation than the sum of the areas activated by the olfactory stimulus and those by the trigeminal stimulus (Boyle et al. 2007a) . Nevertheless, it is still not well understood how the olfactory system influences trigeminal perception as the exact location of the interaction is not yet clear. Different anatomical locations including the nasal mucosa (Bouvet et al. 1987) , the olfactory bulb (Schaefer et al. 2002) , the mediodorsal thalamus (Inokuchi et al. 1993) or cortical regions responsible for both trigeminal and olfactory processing (e.g., piriform cortex, orbitofrontal cortex, and insula) (Boyle et al. 2007a; Hummel et al. 2009 ) have been proposed as the site of interaction.
One method to study the trigeminal system is the odor localization task; in this task, participants are asked to identify the stimulated nostril in a monorhinal stimulation paradigm, i.e., when only one nostril is stimulated (Kobal et al. 1989; Hummel et al. 2003; Kleemann et al. 2009 ). This task is based on the fact that the localization of an odorant is possible only if the odorant also stimulates the trigeminal nerve (Kobal et al. 1989 ) and therefore allows to dissociate the perceptual contribution of the trigeminal system from the olfactory system. Consequently, humans are able to localize mixed olfactory/trigeminal stimuli; odors which activate both the olfactory and the trigeminal nerves (such as eucalyptol), but not pure odors which activate exclusively the olfactory nerve (such as vanillin) (Kobal et al. 1989; Frasnelli et al. 2009; Frasnelli et al. 2011a; Croy et al. 2014) .
Based on intensity evaluations, previous studies have proposed that this interaction would rather take place in the central nervous system (Cain and Murphy 1980) . It is however not yet clear whether the olfactory and trigeminal systems additionally interact in their periphery, that is, on the level of the mucosa. Therefore, to better understand how the olfactory system influences the trigeminal system, we aimed to evaluate the effect of a co-stimulation with a pure odorant, presented either ipsilaterally or contralaterally, on the odor localization task. More precisely we evaluated the influence of olfactory costimulation with pure odors (phenyl ethanol (PEA), vanillin) on the localization of predominantly trigeminal stimulus (mustard oil, eucalyptol). We hypothesized that 1) olfactory co-stimulation with a pure odorant increases the capacity to localize a trigeminal stimulus and 2) ipsilateral co-stimulation has a larger effect than contralateral one.
Materials and methods
All aspects of the study were performed in accordance with the Declaration of Helsinki on biomedical research involving human subjects. The study protocol was approved by the Ethics Committee of the University of Québec at Trois-Rivières. We obtained written informed consent from all participants prior to their inclusion in the study.
We recruited 61 (28 men and 33 women) healthy young (18-35, mean age 24.11 ± 4.34) participants. We ascertained normal olfactory function using the identification task of the Sniffin' Sticks test kit (Burghart, Wedel, Germany) ; in order to be included, participants had to correctly identify at least 11 of 16 odors.
Participants took part in one of two experiments (32 participants took part in the first experiment and 29 participants in the second experiment), for which we followed the same procedure but used different stimuli (Table 1) . We evaluated the trigeminal sensitivity using the odor localization test (Hummel et al. 2003) . More specifically, we measured each participant's capacity to localize a mixed olfactory/ trigeminal stimulus (Experiment 1: mustard oil; Experiment 2: eucalyptol) and the effect of a concomitant contralateral and ipsilateral stimulation with a pure odorant (Experiment 1: PEA; Experiment 2: vanillin) on their capacity to localize. As a control condition the participants were also asked to localize the pure odorant. Therefore, each participant was submitted to 4 localization tasks, the order of the condition was pseudo-randomized between participants (see Figure 1 ).
In the localization task, two identical bottles were presented to the blindfolded participant at the same time, one to each nostril. One of them was containing the target odor, to which the participant had been familiarized. The bottles had been adapted so that two tubes were inserted in each bottle cap, one of them was placed in the nostril in a way that the caps sealed the nostril, and the other tube was free (for detailed description see ) (Wysocky and Wise 2003; Wise et al. 2012) . Participants were instructed to take one deep breath, so that the stimulus reached the nasal mucosa during active sniffing ). After each stimulation, participants were asked to identify the nostril to which the target was presented. For each localization task, a total of 40 pseudo-randomized trials (Psycopy (Peirce 2007) , counterbalanced for side) were applied at an interval of 40 seconds between each stimulation, to avoid habituation. We counted the correct identification as an estimation of trigeminal sensitivity. The testing was carried out on two sessions on different days; participants were submitted to 2 localization tasks in each session, total testing lasted approximately 2 h.
Statistical analysis was performed using SPSS (IBM SPSS Statistics 23). First, we performed one-sample bilateral t tests to determine if the localization score of each condition was greater than chance level. Then, we computed repeated analysis of variance (ANOVA) to compare the result at the localization task for the four conditions (four levels: condition 1: target: trigeminal stimulus, 2: target: trigeminal stimulus with contralateral olfactory co-stimulation, 3: target: trigeminal stimulus with ipsilateral olfactory co-stimulation, 4: target: pure olfactory stimulus) as within subject variable and experiment (two levels: Experiment 1: trigeminal stimulus of mustard oil and odor of PEA, Experiment 2: trigeminal stimulus of eucalyptol and odor of vanillin) as between subject factor. Then, we computed univariate ANOVA for the variable condition with post hoc group comparisons. We applied Bonferroni corrections for multiple comparisons, unless otherwise stated, and set the alpha value at 0.05.
Results
We first analyzed whether participants were able to localize the different stimuli above chance: participants were able to localize the trigeminal stimuli (condition 1), the trigeminal stimulus with contralateral olfactory co-stimulation (condition 2) and the trigeminal stimulus with ipsilateral co-stimulation (condition 3; all P < 0.001); but not the pure olfactory stimuli (condition 4; t = 1.05, P = 0.297) (see the localization scores in Table 2 ). The ANOVA revealed a significant effect of condition (F(3,162) = 103.150; P < 0.001). Subsequent post hoc comparisons showed that the stimulation with a pure olfactory stimulus yielded significantly lower results than the three other conditions 1, 2, and 3 (P < 0.001 for all). Furthermore, ipsilateral olfactory co-stimulation yielded significantly higher scores than both trigeminal stimulation without olfactory co-stimulation (P = 0.019), and trigeminal stimulation with contralateral olfactory co-stimulation (P = 0.025), with no difference between these two conditions (see Figure 2 ). We did not observe any effect of experiment (Experiment 1 vs. Experiment 2; P = 0.495).
However, there was a significant interaction between experiment and condition (F(3,162) = 2.864; P = 0.038). To disentangle this, we analyzed the results of Experiments 1 and 2 separately. For both experiments, the ANOVA revealed an effect of condition (F(3,90) = 40.29, P < 0.001 and F(3,84) = 41.053, P < 0.001, respectively). Post hoc tests showed that the olfactory stimuli yielded significantly lower scores than the three other conditions (P < 0.001 for all), but no significant differences between the three conditions with trigeminal stimuli. The only exception to this was the ipsilateral olfactory co-stimulation in Experiment 1 (mustard oil with PEA) which yielded higher scores than the stimulation with the trigeminal stimulus (mustard oil) alone (P = 0.048). However, this was not significant after correction for multiple comparisons.
Discussion
The purpose of this study was to assess the effect of a co-stimulation with a pure odorant on the capacity to localize a trigeminal stimulus. Our main finding is that ipsilateral, but not contralateral, costimulation with a pure odorant increased the ability to localize a trigeminal stimulus.
We confirmed our first hypothesis by showing that an olfactory co-stimulation with a pure odorant enhances the capacity to localize of a trigeminal stimulus. There are only few studies on this effect since most studies usually focus on the opposite effect, that is, on the influence of the trigeminal system on the olfactory system (Cain and Murphy 1980; Bouvet et al. 1987; Jacquot et al. 2004; WalliczekDworschak et al. 2017 ). However, our results are in line with previous studies, which showed that olfactory stimuli can enhance the intensity of a trigeminal stimulus (Kobal and Hummel 1988; Livermore et al. 1992; Roscher et al. 1997) . For instance, both pure odorants hydrogen sulfide and vanillin enhanced the intensity of the pure trigeminal stimulus carbon dioxide (Livermore et al. 1992 ). Moreover, exposition to the pure olfactory stimulus of vanillin combined with the pure trigeminal stimulus of carbon dioxide, led to shorter latencies of the electrophysiological response than responses to either substance alone (Kobal and Hummel 1988) . Furthermore, the intensity of the mixed olfactory/trigeminal stimulus of carvone was enhanced when presented with carbon dioxide (Livermore et al. 1992) . In addition, patients with loss of olfactory function exhibit reduced trigeminal sensitivity, which supports the idea that a functional olfactory system is necessary for a complete functionality of the trigeminal system (Frasnelli et al. 2007 ). In summary, together with previous reports, our study suggests that simultaneous olfactory input amplifies the trigeminal response. Results are presented as means and standard deviation of the mean. We know that the mutual interaction between trigeminal and olfactory systems depends on several factors such as the quality of the stimuli, the intensity of each stimulus, the concentration and duration of the stimuli (Laing and Willcox 1987; Hummel and Livermore 2002; Brand 2006) . It is therefore important to include stimuli of different nature in studies like ours. We used two different trigeminal stimuli in our study: mustard oil stimulates the TRAP1 receptors (Jordt et al. 2004 ) and produces a stinging and burning sensation (Frasnelli et al. 2011a) , eucalyptol binds to TRPM8 receptors (Behrendt et al. 2004 ) and evokes sensations of cooling and freshness (Frasnelli et al. 2011a ). Our results can therefore be generalized: odors amplify the impact of a mixed olfactory/trigeminal stimulus on the trigeminal system, independently of the type of receptors activated. In line with this notion, the central processing pathway of trigeminal information does not depend on trigeminal receptors or sensations (Kollndorfer et al. 2015) . This body of evidence suggests that measuring sensitivity to one trigeminal stimulus is sufficient to obtain a general assessment of the trigeminal system (Frasnelli et al. 2011a) .
In line with our second hypothesis, we found that especially ipsilateral olfactory co-stimulation yields better performance at the localization task. In other words, ipsilateral but not contralateral olfactory co-stimulation increased the impact of trigeminal stimuli on the trigeminal system. This suggests that both sensory systems interact in the periphery and thus in the nasal mucosa, in addition to the previously suggested central nervous interactions (Cain and Murphy 1980) . In order to determine the exact site of the interaction, one has to have close look at the trigeminal pathway. Trigeminal perception arises from the stimulation of specific chemosensory receptors on trigeminal nerve endings, located in the respiratory and olfactory epithelium of the nasal cavity. Sensory information converges to the trigeminal ganglion and then enters the brainstem at the level of the pons to the first relay in the trigeminal nuclei. Information is then relayed to the thalamus and contralaterally to the primary and secondary somatosensory cortex and other structures such as the insula, orbitofrontal and piriform cortex (Frasnelli and Manescu 2017) . Although the conveying nervous structures and the early central processing sites are different for olfactory and trigeminal system, they share peripheral and central anatomical structures. With regards to peripheral interaction, two anatomical structures are candidates for the transfer between both sensory systems. First, the trigeminal nerve innervates the olfactory epithelium in addition to the respiratory mucosa of the nose. Here, information may be transferred from one sensory system to the other, possibly through the release of substance P and other peptides, in consequence to an axon reflex upon trigeminal stimulation, that can cause local changes in the mucosa and modulate both systems activity at the receptor level (Bouvet et al. 1987; Finger et al. 1990; Daiber et al. 2013) . A second candidate site is the olfactory bulb. In fact, here collaterals of the trigeminal nerve re-enter the central nervous system and terminate in the glomerular layer of the olfactory bulb (Schaefer et al. 2002) . The function of these collaterals, which have still to be confirmed in humans, is not yet clear. Here information could be transferred between both systems. To disentangle this futures studies could investigate electrophysiological signals from the mucosa to measure the peripheral response to trigeminal stimuli (Hummel 2000) .
It is important to note that we did not observe the expected effect of contralateral stimulation on the localization scores. At first sight, this seems to contradict a central interaction between both sensory systems, which has however been showed before. For instance, simultaneous contralateral (as well as ipsilateral) olfactory stimulation with amyl butyrate and trigeminal stimulation with carbon dioxide led to increased intensity ratings for both stimuli (Cain and Murphy 1980) . Several possible explanations can be put forward to explain why we did not observe the same effect: it could be that 1) the localization score is not sensitive to central interaction. In other words, while simultaneous contralateral olfactory and trigeminal stimulation leads to the perception of stimuli with higher intensity, this may not to translate into higher localization scores. Futures studies could confirm this hypothesis by looking at correlation between intensity ratings and localization score. Another possible explanation could be that 2) the site of the interaction between olfactory and trigeminal systems depends on the nature of the stimuli. In fact, earlier studies which showed central interaction used amyl butyrate as the olfactory stimulus. However, this particular compound actually also has trigeminal properties and is therefore not a pure olfactory stimulus (Doty et al. 1978) . In our study, the olfactory stimuli, had only minimal, if any, trigeminal component. Second, carbon dioxide, which was used in the earlier report does not stimulate the sense of smell, which is very rarely found. In our study, both trigeminal stimuli had a clear olfactory component, and are therefore mixed olfactory/ trigeminal stimuli. In summary, Cain and Murphy (1980) exposed both nostrils to stimuli that have trigeminal properties (one nostril a pure trigeminal stimulus, the other nostril a mixed olfactory/trigeminal stimulus), and only one nostril with an olfactory stimulus (mixed olfactory/trigeminal stimulus) whereas we exposed both nostrils to olfactory stimuli (one nostril to a pure olfactory stimulus, the other nostril to a mixed olfactory/trigeminal stimulus) and only one nostril to a stimulus with trigeminal properties (the mixed olfactory/ trigeminal stimulus). This could potentially explain the discrepancies between the results of the studies, as one could hypothesize that the trigeminal component of a mixed olfactory/trigeminal stimulus combined with the trigeminal stimulus stimulates more trigeminal receptor and therefore enhances not only the peripheral response but also the central response. In line with this, mixed olfactory/trigeminal stimulus dominate over both, olfactory and trigeminal stimuli presented alone (Livermore et al. 1992; Hummel and Livermore 2002) . As an alternative explanation, stimulation with a mixed odorant may reflect a superior memory trace by activating both olfactory and trigeminal pathways, as previous studies speculated (Lyman et al. 1990; Livermore et al. 1992) ). Therefore, dual encoding of both modalities (olfactory/trigeminal) of mixed stimuli would provide more activated pathways and cortical areas for retrieval of chemosensory information. These diverse findings, however, are in line with previous studies that showed that the effect of the co-stimulation is difficult to predict and depends on the quality of the stimulus (Laing and Willcox 1987; Hummel and Livermore 2002) . Our results suggest that the nature of the stimulus, that is, pure olfactory, mixed or pure trigeminal, is of particular interest to study the interactions between both systems and futures studies should appropriately choose the stimulus to investigate this variable.
The present study has some limitations: first, we did not observe the effect when we analyzed both experiments separately. This suggests that the effect of olfactory co-stimulation on the localization task is relatively small. Second, we used an active stimulation paradigm during the localization task, where the odorant reaches the olfactory mucosa when the participant takes a deep breath. This technique does not allow to control the intensity and duration of the sniff and therefore, the total amount of molecules delivered to the nasal mucosa. It may therefore be that participants adapt their breathing to this and that volume and/or vigor of the inspiration were not equal between tasks. These are however important factors as the trigeminal system works by integrating the total number of molecules over time (Cometto-Muniz and Cain 1998; Wise et al. 2009; Frasnelli et al. 2011b; . Future studies should control for this by appropriately monitoring breathing.
To conclude, using psychophysical techniques, we have shown that an ipsilateral, but not a contralateral, co-stimulation with a pure odorant increase the capacity to localize a trigeminal stimulus. These results seem to be explain by an interaction between the olfactory and trigeminal systems at the level of the nasal mucosa. 
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